Observations of star motion, emissions from hot ionized gas, gravitational lensing and other tracers demonstrate that the dynamics of galaxies and galaxy clusters cannot be explained by the Newtonian potential produced by visible matter only [1-4]. The simplest resolution assumes that a significant fraction of matter in the Universe, dominating the dynamics of objects from dwarf galaxies to galaxy clusters, does not interact with electromagnetic radiation (hence the name dark matter). This elegant hypothesis poses, however, a major challenge to the highly successful Standard Model of particle physics, as it was realized that dark matter cannot be made of known elementary particles [4]. The quest for direct evidence of the presence of dark matter and for its properties thus becomes of crucial importance for building a fundamental theory of nature. Here we present a new universal relation, satisfied by matter distributions at all observed scales, and show its amazingly good and detailed agreement with the predictions of the most up-to-date pure dark matter simulations of structure formation in the Universe [5] [6] [7] . This behaviour seems to be insensitive to the complicated feedback of ordinary matter on dark matter. Therefore, it potentially allows to compare theoretical predictions directly with observations, thus providing a new tool to constrain the properties of dark matter. This work extends the previous analysis [8-10] to a larger range of masses, demonstrates a different scaling law, and compares it with numerical simulations. Such a universal property, observed in structures of all sizes (from dwarf spheroidal galaxies to galaxy clusters), is difficult to explain without dark matter, thus providing new evidence for its existence.
Unfortunately current data do not allow us to determine, in a conclusive way, the presence of cores or cusps in the observed density distributions. Often the same data set can be equally well fitted by profiles of different type [16, 17, [19] [20] [21] . The deviation from predictions of pure CDM models can occur for several reasons: for example, a significant influence of baryons; the microscopic properties of dark matter particles different from those of CDM (non-gravitational self-interaction or interaction with baryons, nonzero primordial velocities). Moreover baryons can contribute significantly (and may even dominate) the total mass profile in the inner regions, and thus pure CDM predictions are difficult to test.
Recently the works [9, 10] analysed rotation curves and weak lensing data for a sample of dwarf, spiral and elliptical galaxies fitted by the Burkert profile and demonstrated that the mean dark matter surface density Σ = ρ ⋆ r ⋆ remains constant for all these galaxies. In this work we extend the analysis of [9, 10] to galaxies and galaxy clusters. We have complied a catalog of DM distribution in various celestial objects from more than 50 scientific publications. After applying uniform selection criteria to this catalog (see Method summary), we were left with 805 Dark Matter profiles (490 NFW, 285 ISO and 30 BURK) from 289 unique objects: 124 spiral galaxies, 11 dwarf spheroidals (dSphs), 10 elliptical galaxies, 25 galaxy groups and 121 galaxy clusters. To properly compare DM distributions, fitted by different density profiles, we introduce a dark matter column density, averaged over the central part of an object:
Integral over z extends to the virial boundary of a DM halo. The definition (1) implies that S is proportional to the dark matter surface density within r ⋆ (S ∝ ρ ⋆ r ⋆ ). For distant objects S is defined via M cyl -mass within a cylinder of radius r ⋆ . Parameters of different profiles that fit the same DM density distribution are related (for example, r s for NFW is equal to 6.1r c for ISO and equals to 1.6r B for BURK). Choosing these values as r ⋆ in each case, one finds that the value of S for NFW (cuspy profile with r −3 asymptotic at large radii) and ISO (cored profile with r −2 behaviour at large scales) differ by less than 10% (the difference between NFW and BURK is ∼ 2%), see Supporting Information for details. Thus, the DM column density S is insensitive to the type of DM density profile, used to fit the same observational data.
Our final dataset spans more than four orders of magnitude in r ⋆ (0.2 kpc r ⋆ 2.5 Mpc) and about eight orders of magnitude in halo masses. 1 The observational data can be fit by a single power-law:
lg S = 0.21 lg M halo 10 10 M ⊙ + 1.79 (2) (with S in M ⊙ pc −2 ). One could try to interpret the data presented in Fig. 1 in spirit of [8] [9] [10] (i.e. S = const), although with a higher value of S ≈ 260M ⊙ pc −2 (as was originally suggested in [22] ). The apparent trend at higher masses could then be attributed to systematic errors and observational bias. Indeed, the results are based on observational data of different nature and different quality and we do not consider in this work observational errors. However, both M halo and S were computed, using 3 density profiles on average, which should diminish the errors. The scaling relation (2) is supported by the data, spread over many orders in magnitude in halo mass, and the shift of some data points should not significantly affect the systematic trend.
Next, we compare our data with outcomes from cosmological N-body simulations within the ΛCDM model [6, 7] . For each simulated halo we compute M halo , fit the particle distribution to the NFW density profile and calculate S using formula (1) . The observational data together with results from ΛCDM numerical simulations [6] is plotted of the Fig. 1 . The black dashed-dotted line on this Figure is the S − M halo relation obtained from N-body simulations [6] , using the WMAP fifth year [11] cosmological parameters. It fairly well reproduces the fit (2) . Moreover, the pink shaded region (showing the 3σ scatter in the simulation data) contains most of the observational points within the halo mass range, probed by simulations. Therefore, the observed M halo −S scaling coincides with the relation between the parameters of DM density profiles observed in numerical simulations for long time [5, 6, 13] over more than five orders of magnitude in mass.
Dwarf spheroidal satellites (dSphs) of the Milky Way (orange diamonds on the Fig. 1 ) do not follow the relation (2) . Recently the Aquarius project has produced a statistically significant sample of well resolved density profiles for satellite halos [7] , making it possible to determine their r ⋆ − ρ ⋆ relation. Satellites were found to be more concentrated than isolated halos and thus have a higher value of S at fixed M halo . Fig. 1 shows that the S − M halo relation for satellite halos (gray dashed line) from the Aquarius simulation [7] reproduces well the data on dSphs.
The fit to the data without the dSphs has the slope ≈ 0.23, much better quality of fit, and coincides extremely well with the results of N-body simulations [6] for isolated halos (black dashed-dotted line on Fig. 1 ). At masses below 10 10 M ⊙ no isolated halos were resolved in [6] and a simple toy model [6, 23] was used to predict the relation between parameters of NFW profile in a given cosmological scenario. The model (dotted line in the Fig. 1 ) fits well the results for the few spiral galaxies in this range. Thus the agreement between observations and predictions from ΛCDM extend over more than eight orders of magnitude in mass.
Comparison of our data with theoretical predictions (N-body simulations in our case) indicates that, despite the presence of various systematic errors in the data, the DM distributions in the observed objects exhibit a universal property -a systematic change of the average column density S as a function of the object mass (S ∝ M 0.2 halo , relation (2)). This is different from the flat S = const dependence, previously suggested [8] [9] [10] . The latter is based, in our view, on a confusion between the properties of isolated and non-isolated halos. Excellent agreement with pure DM simulations suggest also that the observed scaling dependence is insensitive to the presence of baryons, details of local environment, formation history.
The relation (2) can be used to search for deviations from CDM model (e.g. warm DM models [24] ) or modifications of gravity at large scales [25] . This motivates dedicated astronomical observations with all the data processed in a uniform way. Studies of the galaxies with the masses below 10 10 M ⊙ and galaxy clusters would be especially important.
Various scaling relations are known in astrophysics ("fundamental plane relation" for elliptical galaxies [26] , "Tully-Fisher relation" for spiral galaxies [27] , etc.). The relation discussed in this Letter differs in one crucial aspect: it extends uniformly to all classes of objects at which DM is observed. It would be very difficult to explain such a relation within Modified Newtonian dynamics [28] theory considered as an alternative to DM. That is why this relation, further confirmed, studied and understood analytically, may serve as one more evidence of the existence of Dark Matter.
If DM particle posses a radiative decay channel (as predicted by several particle physics models), a possible signal in X-ray or γ-ray observations would be proportional to the DM column density averaged within the instrument's field-of-view. It then follows from our analysis than decaying DM would produce a unique all-sky signal, with a known slow-varying angular distribution. Such a signal can be easily distinguished from any possible astrophysical background and therefore makes the astrophysical search for decaying DM another type of a direct detection experiment [22, 29, 30] .
Method summary
We collected from the literature 1095 DM density profiles for 357 unique objects ranging from dSphs to galaxy clusters. For each DM profile found in our sample we have applied uniform selection criteria:
-If for an object several independently determined profiles were available and all of them but one agreed in the values of r ⋆ and ρ ⋆ within a factor of 5, we rejected the outlier.
-For some objects the best-fit value of the characteristic radius r ⋆ was extrapolated well outside the Clusters of galaxies Groups of galaxies Spiral galaxies Elliptical galaxies dSphs Isolated halos from ΛCDM N-body simulations Subhalos from Aquarius simulation Figure 1 : Column density S as a function of halo mass M halo . The black dashed-dotted line is the S − M halo relation obtained from N-body simulations [6] , using the WMAP fifth year cosmological parameters [11] . The shaded region shows the 3σ scatter in the simulation data. The vertical lines indicate the mass range probed by simulations. The dotted line is the theoretical prediction from the toy model for isolated halos [6, 23] . The gray dashed line showns the results from the Aquarius simulation for satellite halos [7] .
region covered by the observational data, R data . In this case the parameters of the density profile had extremely large uncertainties. We have thus rejected objects with r ⋆ < 2.75R data .
-We rejected profiles for which the uncertainty in any quoted parameter (r ⋆ or ρ ⋆ ) was higher than a factor of 10.
-For objects with more than one profile selected, the average value of S and M halo was used in the subsequent analysis.
-When processing the data of N-body simulations we used the fit of particle distribution by the NFW density profile and computed S, using equation (1).
-If the same observational data is fit by several different DM profiles (e.g. NFW, ISO, and BURK), one can then find a relation between characteristic scales r ⋆ and densities ρ ⋆ of these profiles. Provided such a relation holds, the difference between the column densities S NFW , S BURK and S ISO turns out to be less than 10%. Qualitatively, this can be understood as follows: to explain the same velocity data, two DM profiles should have roughly the same mass within some radius R 0 . If both profiles happen to have the same behaviour at large distances, their S values, averaged over R 0 will be essentially equal. This explains the use of S as a characteristic of DM halos.
Supplementary information is presented in the Appendix. 
Supplementary Information
In this Supplementary Information Section we demonstrate that the average DM column density S is independent on the choice of the particular DM density profile; provide more details about the sample that was used and its comparison with simulations.
A Relation between parameters of DM density profiles
In this work we concentrated on three popular choices for DM density profile ρ(r). Numerical (N-body) simulations of the cold DM model have shown that the DM distribution in all relaxed halos can be fitted with the universal Navarro-Frenk-White (NFW) profile [13] :
parametrised by ρ s and r s . A more useful parametrization is in terms of the halo mass, M 200 , and the concentration parameter, c ≡ R 200 /r s . Namely, R 200 is the radius at which the average DM density is 200 times larger than the critical density of the universe ρ crit . The halo mass M 200 is the total mass of DM within this radius. The variables (ρ s ,r s ) and (M 200 , c) are thus connected as follows:
The equations (4) allow to determine S ∝ r ⋆ ρ ⋆ , knowing halo mass and concentration parameter M 200 , c. The Burkert profile [15] has been shown to be successful in explaining the kinematics of disk systems (e.g. [31] ):
Another common parametrization of cored profiles is given by the pseudo-isothermal profile [18] 
The quantity S(R) can be calculated analytically for all these choice of ρ(r). For example, for the pseudo-isothermal profile one obtains:
For the NFW density distribution (3):
Notice, that this expression is real for both R > r s and R < r s . The corresponding expression for the BURK is rather lengthy and not very illuminating.
A.1 Dependence of S on the inner slope of density profile.
In order to equally well fit the same rotation curve data, two DM profiles should have roughly the same mass within some radius R 0 , determined by the observational data. If both profiles happen to have the same behaviour at large distances, their S, averaged over R 0 will be essentially equal (as it is determined by the sum of the masses inside the sphere R 0 and in the outside of the cylinders, where the mass is dominated by the large r asymptotics). 2 In reality the situation is of course more complicated, one has to take into account the influence of baryons, the span of radii at which the data exists, etc.
We conservatively estimate the difference of column densities between a cusped and a cored profile as follows. We take the NFW density profile (3) as a representative of the cusped profile and its "extreme cored" counterpart ρ core (r) defined as follows: (9)).
The column densities of these two profiles, averaged within R 0 , differ only because the initial mass inside a sphere with radius R 0 for the cored profile (9) diminishes as compared to the NFW case. The resulting ratio of DM column densities is shown in the Supplementary Fig. 2 as a function of averaging radius R 0 . In particular, for R 0 = r s this ratio is 64%, for R 0 = 2r s it equals to 53% and for R 0 = 3r s it drops to 47%. This implies that the difference of DM column densities between the cusped (NFW) and the extreme version of the cored profile (9) is within 50% for realistic averaging radii R 0 (usually R 0 ∼ 1 − 3r s ). This difference is small compared to the intrinsic scatter expected on a object by object basis and well below the observational uncertainties on the parameters describing the density profile. This makes S a very robust quantity to compare observed properties of DM halos and results from numerical simulations and, consequently, test the prediction of the CDM model.
The rotation curve of a galaxy is often fitted by several DM profiles (e.g. ISO and NFW). Let us analytically establish the relation between parameters of several profiles, fitting the same rotation curve. To this we take an ISO density profile and generate according to it the circular velocity profile v 2 c (r), with r in the range r c r 15r c . 3 Then we fit these data using an NFW profile (see Fig. 3, left) . We find the following relations between the parameters of the two profiles: NFW vs. ISO : r s ≃ 6.1 r c ; ρ s ≃ 0.11 ρ c .
The corresponding rotation curves and density profiles are shown in Supplementary Fig. 3 . Let us now compare the column densities for NFW and ISO profiles, whose parameters are related via Eq. (10) . Results as a function of radius R are shown on Fig. 4 . In particular, one sees that for R = r s
One may be surprised that the cusped profile leads to the smaller column density than the cored one (as Eq. (11) the NFW and ISO at some off-center distances R 0 ∼ 2r s , by demanding that the mass inside this sphere is the same for both profiles. The ISO profile is shallower in the outer regions than the NFW one. The ratio between the mass inside a sphere of the radius R 0 and a cylinder with base radius R 0 is equal to 0.58 at R 0 = 6r c for ISO profile, while it is 0.63 at R 0 = r s for the NFW profile . Thus the mass in the outer part of a cylinder is larger for the shallower ISO profile than for the cuspy NFW one, which explains the result (11) .
It is clear from previous considerations that S NFW and S BURK (similarly matched) should be essentially identical, as both profiles have identical behaviour at r → ∞. Indeed, in the case of the NFW and Burkert profiles the relation between their characteristic parameters is given by NFW vs. BURK : r s ≃ 1.6r B ; ρ s ≃ 0.37ρ B (12) which leads to S NFW (r s ) S BURK (1.6r s ) ≈ 0.98 .
Finally, it should be noticed that we assume an infinite extension for Dark Matter halos, when computing the column density. However, the integrals in (5) are convergent at large off-center distances and therefore the details of the truncation of the DM distributions for R > R 200 do not affect the value of S by more than 10%.
B Data analysis
We have collected from the literature 1095 DM profiles for 357 objects (from dwarf spheroidal galaxies to galaxy clusters, see Table 1 below). For each DM profile in our sample we have performed a number of checks. Those profiles have not passed these checks were rejected from subsequent analysis. As a result of the selection process we were left with 805 DM profiles for 289 objects. The results of the selection are shown on the Supplementary Figure 6 below.
-When analysing the data, we realized that for some objects the value of r ⋆ lies well outside the region covered by the observational data, R data . Such objects systematically show extremely high values of 
For r ≪ r s this function can be approximated as
In the part of the velocity curve where
3rs is much less than the errors on the velocity dispersion one cannot reliably determine r s and ρ s (since v 2 c (r) is indistinguishable from a straight line, proportional to ρ s r s ). It is important to have data points in the region where the contribution of the quadratic term becomes noticeable to reliably extract both NFW parameters. We chose to set 2.75R data ≥ r ⋆ , which corresponds to a ∼ 50% contribution from the second (quadratic) term to v 2 c (r). Similar criteria are used for ISO and BURK profiles. This reduces the number of considered profiles from 1095 to 891.
-For 76 objects both NFW and ISO (or BURK) Dark Matter profiles were available. For these objects we checked the relation between the parameters of these profiles against the results shown in Eq. (10) (or Eq. (12) for BURK). Results of this comparison for the NFW and ISO profiles are shown in Fig. 5 . This figure shows that there is indeed a maximum in the region defined by Eq. (10) but also that the scatter around this maximum is pretty large and that the difference between measured and expected ratios of NFW and ISO parameters can be as large as a factor of ten. Therefore we decided to exclude from our sample all objects with a ratio ρ s /ρ c , r s /r c , (or ρ s /ρ B , r s /r B for BURK profiles) larger than a factor 5 with respect to the theoretical prediction shown in Eq. (10) or (12).
-Finally, in several cases parameters of DM density profiles were quoted with very large uncertainties. We decided to select only those profiles for which the ratio between the 1σ upper and lower bounds of quoted parameters (radius r ⋆ or the density ρ ⋆ ) was smaller than a factor of 10.
To compare the S − M halo relation for selected objects with N-body simulations, we used the results from [6] . This suit of ΛCDM numerical simulations probed the halo mass range 10 10 − 10 15 M ⊙ . For each simulated halo of [6] we computed M halo , fit the particle distribution to the NFW density profile and calculate S using Eqs. (4) and the definition (1). The observational data together with results from simulations is plotted of the Supplementary Figure 7 . The small scatter of the simulation points at M halo 10 14 M ⊙ is explained by the finite size of the simulation box. The simulations with the large box size (e.g. [5] ) verify that the scatter does not reduce at large masses (c.f. the pink shaded region on the Figure 1 ). Simulation points Clusters of galaxies Groups of galaxies Spiral galaxies Elliptical galaxies dSphs Supplementary Figure 7 : DM Column density as a function of the halo mass. Similar to the Figure 1 , we plot 289 objects, selected in Section B above (coloured shapes) superimposed on the simulation data for isolated halos [6] (open black circles).
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